Fluctuating dental asymmetry (FDA) is a tool to measure developmental stability that could be increased in gonosomal aneuploidies. The aim of this study was to quantify FDA in individuals with Down syndrome (DS). The study group comprised 40 individuals with DS, and a control group matched for age and sex was created. The target teeth were the maxillary central incisors (11,21), maxillary lateral incisors (12,22), maxillary canines (13,23), and maxillary first molars (16,26). Dental morphometric variables measured on CBCT images included tooth length, crown height, root length, mesio-distal diameter, crown-to-root ratio, vestibular-palatine diameter, mid mesio-distal diameter, mid buccal-palatal diameter, maximum buccal-palatal diameter, and cervical circumference. The FA2 fluctuating asymmetry index (Palmer and Strobeck, 1986) was applied. Some discrepancies in crown-to-root ratios and root length asymmetry were significantly lower in the DS individuals than in controls. Combining the crown-to-root ratio of tooth 11 versus 21, tooth 12 versus 22, and tooth 13 versus 23, we developed a predictive model with a discriminatory power between DS and controls of 0.983. Some dental morphometric variables may actually be more stable in DS individuals than in the general population. This offers a new perspective on the relationship between canalization, fluctuating asymmetry, and aneuploidy.
The concept of canalization refers to a phenomenon whereby the development of phenotypic traits is buffered against environmental influences, so that such traits produce a highly predictable genetically determined endpoint 1 . The canalization capacity of an organism is called developmental stability 2 and its measurement is based on small variations of antimeric traits at random with respect to side (right-left). This biological asymmetry of morphological traits is called fluctuating asymmetry 3 . It has been suggested that canalization is reduced, and fluctuating asymmetry thus augmented, in disorders of developmental origin, and is detectable in most if not all of the gonosomal aneuploidies 4, 5 . The most common live-born human aneuploidy is trisomy 21, which causes Down syndrome (DS). The term amplified developmental instability was coined around 50 years ago to describe the generalized genetic imbalance that trisomy 21 causes in developmental homeostasis 6 . In DS, increased fluctuating asymmetry has been reported in skeletal anomalies 7 , dermatoglyphics 8 , facial dysmorphology 9 , and palatal dimensions 10 . Application of the concept of fluctuating asymmetry to teeth has enabled small, randomly distributed morphometric differences to be identified between the teeth of contralateral arches; this is called fluctuating dental asymmetry 11 . Few details of the genetic and environmental factors implicated in fluctuating dental asymmetry are yet known 12 , with the exception of chromosomal abnormalities and some single gene substitutions 13, 14 . Articles published in the 1970s and 80s showed that individuals with DS had significantly greater tooth crown asymmetry than controls 13, 15, 16 . One of the drawbacks of those studies was that only the crown dimensions were evaluated. It has been stated that the study of fluctuating asymmetry requires the selection of traits with a low vulnerability to wear, as this would otherwise complicate the interpretation of asymmetry variation 17 , and tooth crown wear is paradoxically particularly common and severe in DS due to attrition and erosion 18 . A further limitation common to those studies was that other variables that could affect tooth morphometrics and asymmetry, such as sexual dimorphism 19 or age 20 In 2014, we published an article in which we analyzed tooth dimensions not previously studied in individuals with DS-such as root length and cervical circumference-using cone beam computed tomography (CBCT) images 21 . We found significant differences in crown height and crown-to-root ratio between the maxillary right and left canines, and in maximum buccal-palatal diameter between the maxillary right and left first molars 21, 22 . In that study, the results were analyzed using additive mixed models 23 , which enabled us to include the smooth effect of age, the fixed effects of sex and teeth, and the random effect of patient. The main drawback of that study was that asymmetry of the dental morphometric variables was measured as the absolute value of the difference between right and left, while the most useful descriptor of fluctuating asymmetry is variance 3, 24 . The aim of the present study has been to reassess fluctuant dental asymmetry in a series of individuals with DS, evaluated objectively without taking into account the absolute size of the teeth and, therefore, without the effect of scale.
Material and Methods
The characteristics of the study group and the methodology used to obtain the CBCT image are described in detail in our previous article 21 . Briefly, the study group was formed of 40 white individuals with DS (25 males and 15 females; mean age, 18.8 ± 7.3 years [range, 9-43 years]). The control group comprised 40 healthy, age-and sex-matched individuals without DS (25 males and 15 females; mean age, 19.5 ± 7.2 years [range, 10-43 years]). The CBCT images were obtained using an I-CAT ® scanner (Imaging Sciences International, Hatfield, PA, USA), were reconstructed with I-CAT VISION ® software (Imaging Sciences International), and were exported using the DICOM (Digital Imaging Communication in Medicine) format to a MacBook 27 personal computer (Mac OsX 10.6, Apple, Inc., Cupertino, USA). Measurements were performed using the open-source OsiriX medical image processing software (Pixmeo, Geneva, Switzerland; www.osirixviewer.com). For the analysis of tooth morphometry, the CBCT images were oriented using multiplanar reconstruction and a modification of the method described by Sherrard et al. 25 was applied. The target teeth of the study were the maxillary central incisors, the maxillary lateral incisors, the Figure 1 . Measurement of some relevant dental dimensions: overall tooth length (TL), crown height (CH), root length (RL), mesio-distal diameter (MD), vestibular-palatine diameter (VP), and cervical circumference (for further details see reference Abeleira et al.
21
).
SCIENTIFIC REPORts maxillary canines, and the palatal root of the maxillary first molars. Overall tooth length, crown height, root length, and mesio-distal diameter were measured in the coronal plane. The crown-to-root ratio was defined as the ratio of the crown height to the root length. Vestibular-palatine diameter, mid mesio-distal diameter, mid buccal-palatal diameter, maximum buccal-palatal diameter, and cervical circumference were measured in the axial plane (Fig. 1) . The interobserver and intraobserver reliability of this measurement system has been demonstrated previously 21 . All the statistical analyses were carried out with the statistical software R, version 2.12.0. (R Development Core Team, Vienna, Austria), using the following packages: "fBasics" to calculate the basic statistics of each of the variables analyzed; and "mgcv" to fit additive mixed models to determine dimensional symmetry between the central incisors, between the lateral incisors, between the canines, and between the first molars. Additive mixed models are extensions of linear mixed models and enable us to include random effects in addition to the usual fixed effects 26 . In this study, we considered the following additive mixed models, which included the smooth effect of age, the fixed effects of gender and teeth, and the random effect of patient: [Tooth measurement = β 0 + f (Age) + Gender + Teeth + random (Patient) + ε], where f (.) refers to unspecified smooth functions, producing separate effects of age in each group.
Hypothesis testing was performed using a variety of methods (t test, Wilcoxon, Kruskal-Wallis) to determine whether significant differences in tooth dimensions existed between the study group (DS) and the control group.
At the individual level, we used the FA2 fluctuating asymmetry index described by Palmer and Strobeck [3, 27] ). In this index, the |Right -Left| difference is divided by the mean, given as (R + L)/2. This fluctuating asymmetry index corrects for trait size effects by expressing deviations from symmetry as a proportion of trait size 17 . The FA2 results underwent further hypothesis testing, mainly using the Kruskal-Wallis test as some data did not have a normal distribution, to determine whether significant differences in the degree of dental asymmetry were present between the DS group and the control group. A generalized additive model was developed to evaluate the discriminatory power of the dental morphometric variables, processed using the FA2 index, to classify a given individual as DS or non-syndromic control.
These radiological studies were performed in accordance with the radiation protection principles of Data availability. The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.
Results
The absolute values of the dental morphometric variables evaluated in the DS group and the control group are shown in Table 1 . The Kruskal-Wallis test revealed statistically significant differences between individuals with DS and controls in 69 of the 74 dental morphometric variables evaluated (Table 2) . With the exception of the crown-to-root ratio of teeth 11, 21, and 16, the root length of tooth 22, and the crown height of tooth 26, all values were significantly lower in the individuals with DS. Table 3 list the differences in morphometric variables between contralateral teeth in the DS group and in the control group, after application of the FA2 index 3, 27 . The Kruskal-Wallis test revealed differences in the crown-to-root ratios of tooth 11 versus 21, 12 versus 22, and 13 versus 23, with significantly lower values in the DS individuals than in controls. In addition, root length asymmetry of tooth 13 versus 23 was significantly smaller in the DS group than in the control group. In contrast, the differences in the crown-to-root ratio and the cervical circumference of tooth 16 versus 26 were greater in the DS group than in the controls (Table 4) . Combining the crown-to-root ratios of tooth 11 versus 21, 12 versus 22, and 13 versus 23, we developed a predictive model with an area under the curve (AUC) of 0.983 (95% confidence interval = 0.958-1) ( Table 5) .
Discussion
In our series, the morphometric dimensions of the teeth evaluated were smaller in the DS individuals than in the controls. These results confirm the findings of other authors, who also showed that the crown dimensions of permanent teeth were smaller in individuals with DS than in healthy controls 28 , and that the roots of most anterior teeth and premolars in the DS population were shorter than in the general population 29 . Table 3 . Calculation of the differences in the morphometric variables between contralateral teeth in individuals with Down syndrome and controls (method: FA2 index).
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Microdontia of the permanent teeth is considered a phenotypic characteristic of DS 28 , and for comparison with non-syndromic control groups, asymmetry of dental morphometric variables in individuals with DS should not therefore be evaluated in terms of absolute right-left differences. One of the most widely used methods proposed to correct the size dependence of variability in studies of fluctuating asymmetry (FA) is the index-trait difference divided by the trait mean (FA2 index) 3 . FA2 describes fluctuating asymmetry as a proportion of trait size by estimating the Table 4 . Statistical significance of the differences in dental morphometric variables of contralateral teeth between individuals with Down syndrome and controls (method: FA2 index). Table 5 . Discriminatory power of the generalized additive models combining various dental morphometric variables (after applying the FA2 index) to classify a specific individual as DS or non-syndromic control.
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SCIENTIFIC REPORts | 7: 16679 | DOI:10.1038/s41598-017-16798-0 between-sides variance and is hardly affected by departures from normality (skew or leptokurtosis) 17 , although it has been criticized for the apparent lack of independence between the numerator and the denominator 30 .
In the present study, we did not find greater dental crown asymmetry in DS individuals than in the controls. These results contrast with those published some decades ago by other authors, who reported greater dental asymmetry in DS 15, 16 . Although those studies are of indisputable value, they carry relevant biases, such as the absence of an age-and sex-matched control group 15 and the use of parametric tests to look for differences between DS individuals and controls 15, 16 when it is known that some dental morphometric variables do not have a normal distribution.
A novel finding of this study has been that the root length asymmetry of tooth 13 versus 23 was significantly lower in the DS group. Twin studies have shown that the canines are the teeth with greatest genetic control of dimensional variations in the general population, and they are considered the most stable teeth in the maxillary dentition 31 . Despite the biases we have indicated in those previous studies, some authors have suggested that the mesiodistal crown diameter of the maxillary right versus left canines was similar in DS individuals and in the general population 32 . The asymmetries detected in multiroot teeth such as the maxillary first molar must be interpreted with caution, as only the dimensions of the palatine root are evaluated. It has therefore been suggested that an additional method should be devised to achieve a more accurate crown-to-root ratio of the maxillary molars 33 .
The most relevant result is that crown-to-root ratio asymmetry between the maxillary right and left central incisors, right and left lateral incisors, and right and left canines was significantly lower in the DS group. This finding is surprising for both biological and anatomical reasons, as formation of the dental crowns starts in the early weeks of intrauterine life, whereas the root portion of the tooth takes several years to develop fully and, in addition, the extra-osseous part of the tooth is particularly exposed to certain environmental aggressions, such as tooth wear. As a result, this finding requires us to revise our concepts of developmental biology such as canalization and modelization in order to analyze certain traits in individuals with DS.
The binary classification capability (DS versus control groups) of the mixed additive model that includes the crown-to-root ratio of the right versus left anterior teeth, enables us to identify individuals with DS by analyzing dental morphometric variables that can be measured easily on 2-dimensional images such as periapical or panoramic x-rays 34 . This finding could become a useful tool for the diagnosis of DS in areas such as paleopathology 35 and paleoantropathology 36 . The potential limitations of this study include the teeth selected, the dental variables analyzed, the method used to quantify left-right dental asymmetry and the sample size. Applying Butler's morphogenetic field concept, the mesial tooth of each morphological tooth group is the most developmentally stable 37 ; this conflicts with the results in the DS series published 13, 15 , and the need to perform morphometric measurements on all teeth in the future will have to be discussed. The use of CBCT enabled us to analyze several tooth dimensions simultaneously, some of which had not previously been evaluated in DS individuals 21 . Use of the FA2 index 3 to quantify fluctuating dental asymmetry obviates errors derived from trait size or from the use of correlations. Although it has been stated that sample sizes of several hundred are needed to detected population differences in dental asymmetry 12 , some authors have suggested a minimum sample size of 30 individuals as an empirical rule for studies of fluctuating asymmetry 38 . As the data obtained in the present study showed a low variability after applying the FA2 index, we consider that valid statistical conclusions can be drawn with the sample size used.
In summary, taking into account the limitations of this study, fluctuating dental asymmetry would appear not only not to be greater in DS individuals than in the general population, but some dental morphometric variables may also actually be more stable in individuals with trisomy 21. This offers a new perspective on the relationship between canalization, fluctuating asymmetry, and aneuploidy.
